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ABSTRACT
In this study, our primary objective was to explore the effects of meteorological change on crop yield by analyzing conditions for midseason rice (Oryza sativa L.) and winter wheat (Triticum aestivum L.) in China. We conducted a detailed exploration of the relationship between yield and meteorological factors at different growing stages; specifically, the crop yield of >2000 Chinese administrative counties from 1980 to 2012 and the day-degree data from 2481 weather stations were carefully analyzed. We first investigated the tendencies and the fluctuation ratios per unit yield to identify the differences in Chinese crops according to cultivar and region and the causes of these differences. We then determined the exact relationships between yield and meteorological factors at different growth stages via data association analysis. We also found time and spatial distribution patterns for crop yield and then established the meteorological factors influencing each index through quantitative analysis. We found that the yields of rice and wheat have witnessed steady growth in China in recent decades, and the stability of rice production has outweighed that of wheat. China's rice yield in the northeastern region at the emergence stage is greatly influenced by temperature, whereas it is during the grain-filling stage that China's wheat yield is significantly affected by temperature. By obtaining real-time agricultural meteorological information, crop production can be effectively and timely predicted, and more refined and scientific field management can be achieved according to the degree of importance of meteorological factors during different periods to increase crop production. Lobell et al. (2011) have helpfully examined the effects of global climate change on crop production since 1980, and Grassini et al. (2013) made a detailed and statistical analysis of overarching developments in crop yield to define trends in the yield of main crops of different areas of the world. A study by Ray et al. (2015) showed that one in three of the observable fluctuations in global crop yields are the result of meteorological change. Based on meteorological records from different parts of the country and the recorded yields of various crops (Chen et al., 2013; Tao et al., 2013) , we investigated in detail the effects of meteorological factors on crops in several Chinese administrative districts (Hafner, 2003) ; midseason rice (Oryza sativa L., including single-season rice) and winter wheat were selected for analysis, specifically. According to yield data from the Chinese National Bureau of Statistics, midseason rice accounts for 65.40% of the total production of rice in China and winter wheat for 94.51% of its total wheat production (from here on, they are simply referred to as "rice" and "wheat," respectively).
We built a multidimensional model using meteorological data to represent crop yield data, in which we ignored the effects of any extreme climate on crop growth, as these are predictable enough to allow production managers to compensate accordingly, rendering analysis based on the model less accurate. We also used some additional a priori knowledge during data processing to ensure reasonable results without introducing statistical error. This model ultimately allowed us to identify detailed relationships between meteorological change and crop yield in Chinese agricultural production areas by growing season, even according to relatively slight meteorological fluctuations. This study, together with the observations by meteorological sensors, can enable real-time forecast of the crop yield. The results discussed below suggest that models such as ours, combined with meteorological forecasts, allow realtime monitoring and early warning procedures that can notify agricultural personnel of any likely variations in crop yield resulting from meteorological change in the present year.
MATERIALS AND METHODS

Yield Data
These data came from the National Bureau of Statistics of China database (which contains representative crop yield of different varieties and across several years), provincial statistical yearbooks, and some county-level databases. In total, >40,000 yield data were acquired from 1980 to 2012 that covered all the counties and districts in China.
Meteorological Data
We used daytime observations from 1979 to 2012 from 2481 national meteorological stations, the distributions of which are shown in Fig. 1 . (All the data came from the China Meteorological Administration.)
Meteorological Data Processing
The interpolation method we used employed the distance of the interpolation points from the sample points to obtain weighted mean values, holding that the smaller the distance from interpolation points, the greater the weighted mean values the sample points have, with an inverse proportion. See the following:
where Z is the value of meteorological elements of the grid points to be calculated, n is the number of sites, Z i is the value of meteorological factors of station i, and W i is the weighted coefficient of station i. Generally, the weight is the inverse proportion of the square distance of grid points from the stations.
Data on Crops by Growth Period
These data observed Zadoks decimal growth stages, and taking into consideration the geographical and grain growth features, the phenophases of rice and winter wheat in China were reclassified. Crop yield is the comprehensive result of a wide range of natural and man-made factors and can be investigated from two separate dimensions: trending yield and meteorologicalrelated yield. The yield trend is the long-term tendency of the yield that has resulted from variations in agricultural production management, technology level, and the use of pesticides and chemical fertilizer; meteorological yield is the fluctuation 5 Nov.
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15 Apr. caused by natural factors in the short term. We modeled these as follows:
where Y T is the yield tendency, Y C is the meteorological fluctuation, e is Gaussian white noise (in Gaussian distribution with mean value of 0), t is the particular year, c p,q is meteorological element by growth stage, p is type of meteorological elements (in our case, temperature, sunshine duration, and precipitation), q is the number of growth stages, and g(c p,q ) is the relationship function of meteorological elements and yield fluctuation. Standard yield is introduced for the convenience of calculation of the model.
where 0 T Y is the yield of the standard year contributed to by the unnatural factors such as production management, the technology level, and pesticide and fertilizers; 0 C Y is the meteorological yield when the meteorological elements are in their historical averages; and Y 0 is the intended standard yield.
We assumed that g(x) is a function of meteorological yield is a linear correlation function of x. The above equations allowed use to model yield in year t as follows:
We then applied the established regression equations to the data we obtained and solved for f (t), g(x) , and Y 0 .
For example, the details of temperature model (TM), sunshine duration model (SM), and precipitation model (PM) are as follows:
where c tem,q is the temperature factor by growth stage, c sun,q is the sunshine duration factor by growth stage, and c pre,q is the precipitation factor by growth stage.
Analysis of Trends and Fluctuations
The yield model can be described macroscopically as yield = yield with trend + yield with meteorological + error. The "yield tendency" can be described as long-term trends in yield defined by agricultural production management, relevant science, and technological and pesticide levels. The statistical data we used include the yield of China's main agricultural products since 1980, separated by province and county (Xu, 2013) . As shown in Fig. 2 , we established four models, the linear trend, quadric form trend, exponential trend, and piecewise linear trend (Grassini et al., 2013) , which were used to build regression equations for yield data for the past three decades. The updated determination coefficient, adjusted to R 2 a :
( )
where n means the number of all the statistical data and p means the number of variables, was used to select the most suitable trend regression model. The grain production structure management is highly sensitive to the mathematical statistical model being used, so it was important to select the most suitable model of the four above to ensure accurate crop yield analysis (Wheeler and von Braun, 2013) . Figure 3 shows the decision tree of the yield trend models.
We first applied t tests to determine the applicability of the above four crop and district models individually, then we selected the model with the greatest correction determination coefficient and used it as the preliminary optimized model (marked model M). We ran further tests to determine whether or not model M was linear. If not, another model was selected. Finally, we probed significant differences between the RMSE of the preliminary optimized model and the RMSE of the linear model; if there was relative deviation of RMSE >5%, this model was selected as the final optimized model, and if not, it served as the final trend model. The premise for the final step Fig. 2 . Four trend models. The subsection model consists of two segments: L1 and L2. As for ∀Li (i =1 or 2; Li is the segment of the subsection model, and i is the number of segments) and the sample size of Li falls under the equation n_i > 2[1 − F(1)]N, where N is the sample amount and F(x) is the standard normal distribution function. There are two piecewise linear trends: increase followed by a decrease (PW−), and decrease followed by an increase (PW+). Qua, quadratic model; Exp, exponential model. to 2012; the plots visually depict the percentage of trend by province, suggesting that there were significant differences in fluctuations of various crops among provinces. Each boxplot in these figures was calculated with the county-level model subordinate to the province (Zhang et al., 2014) .
RESULTS
Rice was much more stable than wheat, fluctuating at a median of ~5% in rice-producing provinces, whereas wheat fluctuated at a median between 5 and 10% in wheatproducing provinces. There were two main reasons for this: first, wheat has a longer growth duration and its growing season takes place during times of year when meteorological extremes are more frequent compared to rice; and second, that Chinese rice-growing districts inherently require (and thus tend to receive) much more intensive management than wheat-growing areas. Most rice fields are fairly extensively irrigated, making them more resistant to relatively greater natural extremes than most wheat fields. The main wheat-producing areas in North China suffer from considerable water shortages and poor irrigation conditions, of the decision tree (Fig. 3) was that the linear model was used to test the hypothesis first, and the decision system was designed to ensure that the linear model was the same as the final trend model if there was no more significant goodness of fit between the nonlinear and linear trend model.
It follows from Fig. 4 that there was a stable linear trend in rice yield for both the southern and northeastern parts of China, but decelerated growth in other rice districts. The linear trend was stable in the wheat districts of East China and the northern part of Central China, with considerably decelerated growth in the southwest and an accelerated growth in East China.
The percentage of the difference between yield and the yield trend can be defined according to yearly fluctuations. The equation q of the fluctuation of the average trend is as follows, where n is the historical number of years, Y i is the yield in year i, and Y Ti is the trend year of year i:
Figures 5 and 6 show boxplots of the analysis of provincial fluctuations in yield of Chinese rice and wheat from 1980 so drought has a larger impact on production there than in other areas. Across districts, there were obvious differences in the same crops growing in areas that differed in scientific and technological level, geographic location, and weather conditions. The rice yield fluctuation median was not >5%, and in 2012, the rice production of East China (Jiangsu Province, Zhejiang Province, Anhui Province, and Jiangxi Province), Central China (Hunan Province and Hubei Province), and Southeast China (Sichuan Province and Chongqing Municipality) was 58.53% of the total. In effect, there was relatively small historical fluctuation in rice yield for more than half of the provinces that provided data (Guangxi Province was not included, as its production was <0.7% of the total.) Conversely, the wheat yield fluctuation median was <8%, and the wheat of Eastern China (Jiangsu Province and Shandong Province), Central China (Henan Province and Hubei Province), and Southwest China (Sichuan Province) covered 63.05% of the total, suggesting that there also was relatively small fluctuation in wheat yield in most areas of China (Zhejiang Province and Chongqing Municipality were not included, as their production was <0.4% of the total). Figure 7 shows a flow chart of the meteorological yield analysis model. Different crops require different meteorological elements. For rice, we applied a TM, SM, and a model combining temperature and sunshine duration; Fig. 4 . Distribution diagram of trends in rice and wheat yield. Areas in green represent ones with a linear trend of yield, areas in blue represent trends of yield increase followed by a decrease (PW−), and areas in red represent trends of yield decrease followed by increase (PW+). In the maps, we show only the areas in the district where the crop was harvested. because rice cultivation in China already includes favorable irrigation conditions, yield is not dependent on precipitation, so it was not included as a model variable. The wheat meteorological-yield model included a TM, SM, PM, and combinations of TM, SM, and PM. Finally, the Akaike information criterion (AIC) was employed to determine the optimal model for different crop varieties from each district (Akaike, 1970 (Akaike, , 1974 , as discussed below (note: "temperature" in models is defined as the effective temperature for crop growth). Our analysis of yield and meteorological records provided the optimal meteorological element models for Chinese rice and wheat below.
Analysis of Meteorological Impact on Yield
The models showed in Fig. 8 that the geographical characteristics of meteorological elements significantly affect Chinese rice; the yield fluctuation of rice in Northeast and Southwest China was dependent on temperature, whereas that in East and Central China was more sensitive to sunshine duration. The reason for this is that rice is a warm-season crop, so the average temperature is effectively too low for rice to grow in the northwest and southeast parts of the country, where the effect of temperature variation on rice yield was considerable. Rice yields were accordingly larger in warmer areas.
Equation [8] can be rewritten as follows: where a p,q is the meteorological-yield variation coefficient of meteorological elements in the q growth stage, and variation in final yield a p,q is the result of a per-unit change in meteorological elements relative to the historical averages. We applied the regression method to the 1980 to 2012 data to find the variation coefficient a p,q in yield and meteorological elements of crops in different growing seasons. Figures 9 to 13 show the meteorological-yield effect coefficients of rice and wheat according to their respective different growing stages. Crop production arises through accumulation of biomass during photosynthesis, fueled by solar radiation, carbon dioxide, and water. The production of crops is the accumulation of organic matter during photosynthesis fueled by carbon dioxide and water; variations in meteorological conditions affect photosynthesis so as to influence the final production (i.e., yield) of the crop. There are sizable differences in production among different districts, making it difficult to determine the relationship between meteorological factors and crop yields. The method described here, however, can be used to quantify the influence of meteorological factors in different growing seasons and indicate any interactions between meteorological factors.
Rice
There is generally less sunlight in the rice growing seasons in East and Central China; the unusual (and beneficial) increase in sunshine duration made the crop yield more affected by variations in temperature. Conversely, winter wheat requires lower temperature and more sunlight throughout the day in spring and as such was affected considerably by temperature, sunshine duration, and the amount of precipitation, most notably in northern Shandong Province and Henan Province, which are characterized by these particular meteorological variables.
Figures 9 and 10 show the distribution of the meteorological-yield influence coefficient of rice as it varied in different growth stages. In the emergence stage, temperature had a stronger effect on rice yield in Northeast and Southwest China, then the correlation coefficient between temperature and yield exceeded 200 kg ha −1 °C −1 in the emergence growth stage; that is, with every 1°C increase in average temperature, the rice yield increased 200 kg ha ). In the heading stage, the temperature-yield correlation coefficient exceeded 100 kg ha −1 °C −1 in parts of the northeast, suggesting that temperature changes had little effect on yield in those areas. During the grain-filling phase, there was an apparent change in the meteorological-related effects on yield, with a sunshine-yield coefficient >50 kg ha −1 h −1
; in short, both temperature and sunshine had more marked effects on yield during the final growth stage.
Rice is a crop that is affected considerably by temperature and sunshine duration, which was evident during our analysis regardless of growth stage, although the precise impact of these two variables differed among different growth stages and different areas (Chen and Li, 2007) . High temperatures tend to result in effective rice earing and high final yield, which we indeed observed here. We also found important differences in yield across different districts at various stagesrice tended to be more dependent on temperature during the first stages of its growth, and the dependence of temperature during the productive phases was keener in certain districts than in others. Sunshine duration was overall more impactful during productive phases, due to the fact that it promotes photosynthesis (i.e., stem growth), although again, this was not the case for all the areas observed. Fig. 8 . Geographical distribution of rice and wheat meteorological factors. Rice meteorological factors are divided into three categories and color coded; wheat meteorological factors are divided into seven categories and color coded. In the maps, we show only the areas in the district where the crop was harvested.
Wheat
Figures 11 to 13 show the distribution of meteorologicalrelated influence coefficients of wheat across different provinces. In the emergence stage of northern areas of China (with Hebei Province as an exception), yield decreased as temperature increased; the temperature-yield correlation coefficient was less than −40 kg ha −1 °C −1
. In this stage, increased sunshine duration inhibited the yield, with a correlation coefficient below −50 kg ha −1 h −1 in most areas (apart from Shaanxi Province and Gansu Province). This occurred because higher temperature and more sunshine resulted in accelerated growth prior to winter months, which harmed the plant's ability to survive the winter. In the tillering stage, there was a negative correlation followed by positive correlation of increased wheat yield and temperature in northern areas, a marked increase in sunshine-yield coefficient in southern areas, and a positive precipitation-yield correlation in Northeast China. In the overwintering stage, there was an increase in the temperature correlation coefficient per unit area, with average temperature-yield coefficient >100 kg ha
. These results suggest that mild winters increased wheat yields in North China, whereas the opposite was true in South China.
Sunshine duration had similar effects on yield as temperature in terms of its distribution across the provinces observed-at the returning green stage, rice was less dependent on temperature in northern areas and wheat was more dependent on sunshine in eastern areas, whereas precipitation had continually increasing effect on yield throughout the study period and across the study area, with greater coefficient per unit in in North, South, and Central China. There was an increase of ~100 kg ha −1 °C −1 in yield by millimeter of precipitation, which calls to mind the Chinese saying that "rain in spring is as precious as oil." In the jointing stage, most of China's wheat yield was less dependent on temperature than at other stages and also less dependent on precipitation.
In the heading stage, there was a marked differentiation in meteorological-related effects on yield: in northern areas, both the temperature-yield and precipitation-yield coefficients were positive, whereas the sunshine-yield coefficient decreased continuously from Southeast to North and East China. In the grain-filling stage, increased sunshine duration helped in most areas to increase wheat yield, whereas increased temperature harmed the yield in northern areas but helped it in southern areas. Precipitation had less of an effect on yield at the final stages of wheat growth; in some areas, it even showed a detrimental effect. Wheat is a crop that prefers a cool climate (Jin, 1996) and is, again, influenced considerably by sunshine duration and precipitation. However, we observed very different impacts of these factors in different provinces and at different growth stages. Temperature had less effect on yield during tillering and overwintering stages, although it was clear that increased temperature promoted wheat growth at these stages. In southern areas, the temperature is naturally well suited to tillering wheat, so there was less effect of temperature on wheat observed in South China. In jointing and heading stages, then, elevated temperature harms wheat growth; at this point, higher temperatures in North China caused reductions in wheat yield. Sunshine had less impact on wheat growth in earlier growing stages but was crucial to yield toward the end of the growth period (i.e., once the wheat organs form and give the plant stronger photosynthesis). The returning green stage showed the strongest dependence on precipitation, after which point the effect decreases until actually reaching a negative value. These results mirror the fact that spring drought is known to be common in most wheat-planting regions to the north ).
of the Huaihe River; further, overall, spring rain contributes 10 to 15% of the year's total precipitation (though <10% in some places). Droughts in autumn and winter are associated with higher temperature, stronger winds, and rapid and greater evaporation of water, which is especially harmful to wheat as it ripens. Conversely, increased precipitation toward the end of wheat growth can result in disease, hence the negative impact of precipitation that we observed at later growth stages.
DISCUSSION
In this paper, the influence coefficient of meteorology on crop yields is consistent with the results of Ray et al. (2015) on global crop yield. They showed that ~10% of China's crop output fluctuation is related to meteorological factors. Gao et al. (1996) evaluated agricultural production by applying multiple regression to yield and meteorological data from 1951 to 1987 and found that there was a decrease in the yield of winter wheat in North China with an increase in Northwest China, as well as an increase in the yield of corn (Zea mays L.) in Northeast, North, Northwest, and Southwest China with decreases in the middle and lower reaches of the Yangzi River. All these research projects were conducted by examining the whole growing period or year to analyze the relationships between yield and meteorological change, and differences in the effects of meteorological change on crop yield in different growing seasons. Although these studies (Zhang and Huang, 2011; Asseng et al., 2013) have provided valuable information, it is known that changes in crop yield result from the constant impact of meteorological factors at each growth stage-even daily-throughout the entire growing season, and little is known about the complementary effects of these factors on the final yield. In the present study, we explored the relationships between crop growth and meteorological factors in different growth stages via correlation analysis on precise yield and meteorological factor data. We ultimately defined several influential coefficients of the variations in these factors on crop yield so as to comprehensively describe Chinese agricultural conditions and characteristics over recent decades. The AIC method is used to optimize the combination of various meteorological factors, and the model coefficients are >0.5. This method, through which the factors having less influence on the yield can be removed, outweighs the previous research results on the relationship between meteorology and yield. As meteorological factors affect the production of crops, triggering interannual variation in yields, it is of great significance to study the impact of meteorological factors on crop production in different growth stages. The time series method is frequently used in calculating meteorological production, that is, first to obtain the trend of historical crop yields, and then to subtract the actual yield from the trend yield. Zhang and Huang (2011) adopted multiple regression and curve fitting methods to calculate the crop meteorological production, and it was found that the bigger the regression coefficient between meteorological production and meteorological factors, the better the description of the relationship between yield and meteorological factors. We find that the yields of rice and wheat have witnessed steady growth in China in recent decades, and the stability of rice production has outweighed that of wheat. As shown in Fig. 9 to 13 , it is within the emergence stage that China's rice yield in the northeastern region is greatly influenced by temperature, whereas it is during the grain-filling stage that China's wheat yield is significantly affected by temperature. To sum this up, by obtaining real-time agricultural meteorological information, the crop production can be effectively and timely predicted, and more refined and scientific field management can be achieved according to the degree of importance of meteorological elements during different periods to increase the crop production.
Since the quality of crop yield and meteorology data in several regions and periods needs to be improved, the data have been interpolated and standardized to ensure that they have minimal impact on model results. This paper is a study of the impact of historical meteorological changes on crop yields in various regions of China, to elaborate on the relationship between crop yields and the meteorological changes. From the perspective of stabilizing farmer's income and national food security, the results achieved with this refined model can help research and development of crop production regulatory policies to avoid or mitigate the risks associated with meteorological changes, and to provide more stringent monitoring and early warning in the most critical areas and crop growing periods. Via analyzing a large number of historical data, the influences of various types of meteorological factors on the crop production in different regions and different growing periods can be discovered. The results can be used to predict the crop production changes due to meteorological factors to ensure the stability of production and food prices.
With the refined analysis model, this paper has established the research foundation that can be used to evaluate the future changes in crop yield. The model provides comparison of the results of various meteorological yield models and the spatial differences bringing about the changes of meteorological yield in different regions. The relationship between yield formation and meteorological factors in different periods has been explored through the establishment of multiple regression models, and the quantitative relationship between yield and meteorological factors has been obtained via numerical calculation method. This relationship is achieved based on statistical analysis, and as a consequence, the physiological relationship between yield and meteorological factors is imprecise and cannot accurately reflect its causal relationship. In this paper, the optimal meteorological composite model by means of AIC can provide a more reasonable analysis of the relationship between crop yield and meteorological factors, which lays the foundation for further analysis.
There is no exact mathematical expression to describe the complex physiological and ecological process of agricultural production (Asseng et al., 2013) . It is difficult to identify, let alone employ, quantitative relations based on physiological research to calculate crop yield as associated with variations in meteorological change throughout the growing season. The meteorological models we used in this study were developed using large amounts of historical data and known growth laws to analyze the relationships between meteorological elements and yield, specifically with midseason rice and winter wheat at different growth stages and in different parts of China. We assert that this method can also be applied to analyze the effects of meteorological changes on other Chinese crops, such as corn, soybean [Glycine max (L.) Merr.], and cotton (Gossypium hirsutum L.). The significance of the method we propose here is that it not only helps to delineate the specific effects of meteorological change on crop yield but also allows real-time prediction and early warning of the impact of meteorological elements on yield. By monitoring meteorological elements daily, fluctuations in crop yield can be predicted yearly, and the accuracy of said predictions can be continually enhanced (Li et al., 2012; Xu et al., 2015) . In the future, further research will identify the relationship between yield and other production factors such as chemical fertilizer input, pesticide input, management policies, and more.
